AGEs
Advanced Numerous theories have been proposed to explain the aging process, but none of them appears to be fully satisfying. But regardless of lacking a theory explaining all aspects of aging, it is generally agreed that the loss of protein homeostasis is a conserved mechanism of aging and that there is a correlation between aging and the accumulation of oxidatively damaged proteins, lipids, and nucleic acids [1] .
Oxidatively modified proteins have been shown to increase and accumulate as a function of age [2] . Oxidation of proteins leads to a partial unfolding and, therefore, to protein aggregation. These protein aggregates are able to impair the activity of important proteolytic systems such as the proteasomal and the lysosomal system, resulting in further accumulation of oxidized proteins [3] [4] [5] . Also, protein oxidation seems to play a role in the development of the above mentioned age-related diseases, for example, neurodegenerative diseases. However, the importance of protein oxidation in the progression of aging is not yet fully understood and research to what extent the accumulation of oxidized proteins has an effect on the aging process is still ongoing.
Because complex organisms such as mammals contain both, mitotic and postmitotic cells, cellular aging can be studied as aging of postmitotic cells, or as replicative senescence (RS) of mitotic cells. RS of mitotic cells was first described by Leonard Hayflick and Paul Moorhead [6] in 1961. They showed that genetically normal human diploid fibroblasts (HDFs) do not divide indefinitely in culture yet reach a replication limit (called the Hayflick limit). Cells in RS are irreversibly arrested in the G1/G0 phase of the cell cycle but remain metabolically active for long periods of time.
While the induction of senescence can initially have beneficial effects by preventing malignant transformation and limiting tissue damage, their long-term presence within tissues possibly promote age-related diseases and potentiate cancer formation [7] . Cellular senescence is known to be a cellautonomous tumor-suppressor mechanism by arresting the growth of damaged cells thereby blocking tumorigenesis. But when senescent cells accumulate with age this entails a striking increase in the secretion of proinflammatory factors (described in the next section), contributing to chronic inflammation and creating a microenvironment which permits age-related diseases and tumorigenesis [8, 9] . Also various disorders associated with accelerated aging such as Werner syndrome and HutchinsonGilford progeria have been linked to senescent cells [10, 11] . Recently it has been shown that the elimination of senescent cells from tissues is able to increase health span and possibly even lifespan [12] . Senescence-inducing stimuli are myriad. In cell cultures it is known that one reason for limited growth is telomere erosion, the gradual loss of DNA at the ends of chromosomes. It is also known that attrited telomeres generate a persistent DNA damage response (DDR), which initiates and maintains the senescent growth arrest [13] . In addition to telomere aberration, senescence can be activated by many types of stress, including aberrant activation of several oncogenes [14] , damage to chromatin structure [15] , genomic damage at non-telomeric sites [16] , and oxidative stress [17] . Among these senescenceinducing stimuli, oxidative stress has been shown to accelerate telomere shortening, possibly by inducing telomeric single-strand breaks [18] . The limited proliferative capacity of somatic cells also appears to be an appropriate system to study aging, and especially the subcultivation and investigation of HDFs improved our understanding of the molecular events involved in aging. The diversity of senescence-inducing stimuli furthermore enables possibilities to establish cellular aging models. Also cell culture models are useful tools to investigate processes contributing to aging, such as the accumulation of oxidized proteins. Because of the intrinsic limit of divisions until cells undergo RS, cells from older organisms have a shorter in vitro replicative lifespan than those from younger organisms. Therefore investigation of isolated in vivo aged cells in comparison to those of a young donor is a convenient model in aging research (Fig. 1a. ). However this convenience is not given concerning handling and availability. Primary cells from a young organism also reach their replicative limit (so-called in vitro aged cells), but this needs a multitude of subcultures and might last several month (Fig.1b.) .
To study the impact of protein aggregation as one important feature of cellular aging, young cells can be also incubated with artificial or isolated protein aggregates such as advanced glycation endproducts (AGEs) or lipofuscin (Fig. 1c. ). These aggregate-loaded cells of course do not reflect the senescent phenotype as a whole, but protein aggregate-accumulation represents one important main hallmark.
To investigate cellular aging without waiting for the replicative limit, there is also the possibility of using model systems exhibiting characteristics of senescent cells. In 1996 O. Toussaint and J.
Remarcle [19] reviewed data showing that cellular aging can be accelerated by using non-lethal stresses and in 1999 the term SIPS (stress induced premature senescence) was coined at the EMBO Workshop of Molecular and Cellular Gerontology in Switzerland [20] . SIPS can be defined as the long-term effect of sub-cytotoxic stress on proliferative cell types including appearance of many features of replicative senescence [21, 22] . "Premature" refers to the onset of senescence at early population doublings (PDs) compared to the maximum number of PDs at which senescence usually occurs and emphasizes the accelerated nature of the senescence process. SIPS can be induced by treatment of young primary (but also immortalized or transformed) cells with a nonlethal concentration of a multitude of stressors (Fig.1d. ). This treatment is usually repeated daily or on alternate days, leading to chronic oxidative stress, which seems to be one main trigger for premature aging.
Characteristics of RS and SIPS cells
The significance of senescence as a final cellular condition has led to the identification of multiple senescence biomarkers. A senescent cell undergoes widespread changes, yet no marker or gold standard of senescence identified so far is entirely specific for the senescent state. Further, not all senescent cells express all possible senescence markers. Nevertheless, senescent cells display several phenotypes, which, by a series of features, define the senescent state (Fig. 3) . Cells in SIPS share common features with cells in RS, but they differ in the aspect of time at which these features exhibit.
RS and SIPS cells display a large flattened, often irregular-shaped morphology, sometimes enlarging more than twofold relative to the size of non-senescent counterparts [21, 23] . Cells are disorganized and randomly oriented in the culture dish. Furthermore the increase in cellular size is accompanied by an increase in nuclear and nucleolar size as well as fragmented nuclei, mitochondria and endoplasmic reticulum [24, 25] .
RS and SIPS cells exhibit an increase in senescence-associated β-galactosidase (SA β-gal) activity that distinguishes them from dividing and quiescent cells [26, 27] . β-Galactosidase is normally active at pH 4, but in RS and SIPS cells becomes detectable at pH 6 reflecting to some extent the increase in lysosomal mass. In 1970 it has been shown that lysosomes increase in number and size in senescent cells [28] . Both in vitro and in vivo, the percentage of cells positive for SA β-gal increases with PD and age [29] . To determine the lysosomal origin of SA-βgal activity, Debacq-Chainiaux and coworkers [30] increased the pH of lysosomes by using lysosomal inhibitory drugs and found an increase in β-galactosidase activity as a function of replicative age both in the absence and presence of lysosomal inhibitors [31] . Lysosomal alkalinization reduced the absolute level of β-galactosidase activity by more than 50-fold, but the relative residual increase in fluorescence between young and senescent cells was equivalent to that seen without inhibitory drugs. The lysosomal origin of SA-βgal activity was further confirmed in 2006, when Lee et al. [32] showed that it resulted from an increased expression of GLB1, the gene encoding the classic lysosomal enzyme.
Cellular senescence is accompanied by and partly driven by a persistent DDR, leading to senescenceassociated DNA damage foci of telomeric and nontelomeric origin. In cells exposed to genotoxic stress SIPS is considered to be generated by extensive nontelomeric DNA damage [33, 34] . Regardless of the origin, DNA damage foci display a persistent DDR at which many known DDR factors, such as γH2AX (phosphorylated form of histone H2AX) and ATM (ataxia teleangiectasia mutated) are accumulated. The DDR in senescent cells differs from young and replication competent cells in various aspects. Whereas proliferating cells only display 1-2 foci, RS primary human fibroblasts contain 4-5 DNA damage foci [35] . Genotoxic stress induced SIPS cells also show more than 5 foci per cell and their number remains at the same level for several days [34] . Furthermore senescent cells contain large DNA damage foci and the nuclear co-localization of these foci with PML (Promyelocytic leukaemia) nuclear bodies has also been suggested as a marker of cellular senescence [13] . As soon as a DNA lesion is repaired, the DNA damage foci become disassembled, probably due to the action of chromatin remodeling machines and the dephosphorylation of γH2AX [36] . Immediately repaired lesions are expected to lead to transient and small foci, whereas harder to repair and more persistent DNA breaks will induce a prolonged DDR signaling and increased γH2AX expansion and therefore bigger foci are visible.
It is also important to mention that there is adequate evidence that all pathways of DNA repair, become less efficient with age [37] and alterations in the response of DNA repair proteins to DNA damage have also been reported [38] [39] [40] , consequently contributing to the different numbers of foci detected in young proliferating and senescent cells, respectively. While RS results from telomere shortening and/or loss of telomere function [41] and affects almost all proliferating somatic cell types in the organism, SIPS is generally independent of telomere erosion and caused by oxidative, genotoxic and oncogenic stress -this last subtype of premature senescence is also termed "oncogene-induced senescence" (OIS). In 1997 M. Serrano was among the first showing that oncogenic ras expression permanently arrest primary human and rodent cells in G1 independent of telomere attrition and that these cells display features also found in RS [14] .
Nevertheless, RS and SIPS seem to be dependent on the same pathways ( Fig. 2) . Stress/damage-and telomere-induced senescence are established and maintained strongly by p53 leading to the upregulation of cyclin-dependant kinase inhibitor p21, which in-turn inhibits the action of CDK2 kinase activity arresting the cell cycle in G1. Furthermore, p21 also blocks the cyclin D/CDK4/6-mediated hyperphosphorylation of retinoblastoma protein (Rb). The hypophosphorylated state of Rb results in inhibition of the transcription factor gene E2F preventing it from interacting with the transcription machinery and promoting a repressive heterochromatin environment that silences certain proliferation-associated genes [42] . In addition the tumor suppressor p16 INK-4A was at first found to be increased in most aged mammalian tissues and senescing HDFs, and later was found to be also increased in OIS [14] . p16 INK-4A acts by inhibiting the activation of CDK4 and CDK6, assumed to be the initial step in Rb phosphorylation [43] . Therefore, the function of p16 INK-4A is to keep Rb in its growth-inhibitory state, in turn blocking gene expression regulated by the E2F transcription factor and force a G1 cellcycle arrest. Another important feature of senescent cells is the expression of the senescence-associated secretory phenotype (SASP) [26] , characterized by the increased expression and secretion of inflammatory cytokines/chemokines such as the interleukines 1, 6 and 8, tumor necrosis factor-α, a variety of monocyte chemoattractant proteins (MCPs), macrophage inflammatory proteins and extracellular matrix degrading enzymes such as matrix metalloproteinases (MMPs). Many of these components directly or indirectly promote inflammation, which is of special relevance regarding the role of SASP and senescence in aging and age-related diseases, because almost every age-related disease is driven or caused by inflammation (reviewed in [9] ) and the SASP has potent autocrine and paracrine signaling effects. SASP factors reinforce in an autocrine feedback loop the senescence growth arrest [44] and recruit immune cells, including macrophages, neutrophils, natural killer cells and T cells, crucial for clearance of senescent cells, regeneration and tissue renewal as an essential process to eliminate undesirable cells [45] . However, if these proinflammatory signals and processes are not strictly regulated, they may trigger pathological inflammation. The SASP factors IL-6, IL-8, MMPs, intercellular adhesion molecule 1 (ICAM-1), plasminogen activator inhibitor 1 (PAI-1) and vascular endothelial growth factor (VEGF) can contribute to atherosclerosis by promoting chronic inflammation and induction of cellular proliferation, migration, invasion and tissue remodeling leading to characteristic symptoms of atherosclerosis [46] . MCP-1 has been shown to play a role in adipose tissue macrophage accumulation, as well as in metabolic dysfunction in diet-induced obesity and MCP-1 levels, as well as IL-6 levels are also positively related to insulin resistance. Inflammation has also been proposed to be a key effector in the pathogenesis of neurodegenerative diseases such as Alzheimer's disease. Increased production of IL-6, IL-8, ICAM-1 and MMP-1 secreted by senescent astrocytes are thought to contribute to the chronic inflammation associated with this disease [47] . Also chronic microglial activation has been linked to the neuronal death associated with Alzheimer's disease [48] , and glial cell senescence and the accompanying SASP could be involved [49, 50] . The nuclear transcription factor kappa B (NF-κB) has been shown to play an important role in senescence and the SASP [51] . The first indication of changes in the secretome of human cells was reported for fibroblasts undergoing RS. By using microarray analysis a strong inflammatory response was revealed [52] . Subsequently various laboratories were able to show that cells undergoing either RS or SIPS display profound changes in their secretome [53] [54] [55] . A comparative study of SASP components in RS and SIPS lung fibroblasts showed similar changes in the most reported and studied SASP factors such as IL-6, IL-12, IL-10, MIP-2, and IFN-γ pointing towards the existence of wellconserved SASP components [53] .
As mentioned above, the p53-p21 and p16
INK4A -Rb signal transduction cascades commonly mediate the activation of the senescence program. Consequently, these proteins or components of the transduction cascade are also used as biomarkers to identify senescent cells. In human fibroblasts undergoing RS or SIPS, Rb accumulates in its active form [56, 57] , and p53 displays increased activity and/or levels [58, 59] . p53 serves as an intersection and mediates senescence-inducing signals emerging from oncogene activation, telomere dysfunction, DNA damage, and reactive oxygen species (ROS). Other proteins, notably p21 CIP1 and p16 INK4a , also often accumulate in RS [60] and SIPS [27] cells, and have been used as markers reflecting the activation of these pathways in senescence.
Furthermore oxidative stress is a key factor in the induction of cellular senescence and several macromolecular modifications arise from ROS and serve as aging or senescence marker. ROS formation per se, such as superoxide production was shown to be increased in RS and SIPS [34] . Changes in mitochondrial function have been reported during senescence as well as damage to mtDNA [61] . Mitochondrial DNA undergoes many changes during RS among which is a 4977 bp DNA deletion, the so-called "common deletion". This deletion was also shown for SIPS cells [22, 62] . In addition levels of lipid-peroxidation products are increased with aging [63] . Age-related oxidative modifications of different proteins lead to an accumulation of oxidation products such as protein carbonyls [60] and protein nitration modifications such as 3-nitrotyrosine [64] . As a long term consequence and if these modified proteins are not degraded or rescued they tend to form cross-linked aggregates. Protein aggregates, such as lipofuscin and AGEs have been found to accumulate with increasing age in organisms from nematodes to humans and are an additional well-conserved feature of postmitotic [65] , RS [60] and SIPS [27] cells. Such protein aggregates are basically insoluble, metabolically not degradable and introduce a toxic element into cellular metabolism by triggering a multitude of intracellular reactions associated to age-related diseases. Furthermore heavily oxidized and cross-linked proteins are poor substrates for the proteasome, the major cellular proteolytic machinery, involved in key biological aspects such as cell cycle regulation, signal transduction or apoptosis, among others. Proteasomal inhibition was observed upon incubation of cells with protein aggregates suggesting a role of such cross-linked proteins in senescence-associated impairment of proteasomal function [4, 66, 67] . Inhibition of the proteasome was also shown to induce a premature senescent-like phenotype in young cells, as indicated by an increase in SA β-gal activity and p21 [68] . Thus, the proteasome is another important determinant of senescence and decline of proteasomal functionality can also serve as an additional senescence marker.
However, all of these markers do not offer compelling evidence of senescence induction if not combined with the identification of lower levels of proliferation, as typically determined by bromodeoxyuridine (BrdU) labelling or low Ki67-Antigen [27, 60] .
Induction of premature senescence by different stressors
Depending on the cell type, the nature, intensity and duration of stress, cells can repair damage, die or enter (premature) senescence. If the intensity of the stress is low, cellular damage can be repaired and the cell sustains its growth. If the stress is intense, apoptosis will be initiated. In case of moderate, subcytotoxic stress, cells are not able to repair all damage and become irreversibly cell cycle arrested entering a state of premature senescence [33] . Actually almost any stress from physical or chemical nature can force cells to enter premature senescence by inducing increased oxidative stress and/or DNA damage. Experimental setups for SIPS models have been described for a multitude of stressors such as ultraviolet light (UVB), ethanol, tertbutyl hydroperoxide (t-BHP), hydrogenperoxide (H2O2, the most widespread used agent), dicarbonyls, mitomycin C, doxorubicin, hyperoxia, -irradiation, homocysteine, hydroxyurea and Paraquat. In most cases, the used stressor is applied daily for diverse time periods in subcytotoxic doses. A common cellular model used for in vitro studies of senescence, are HDFs. Corresponding to Bayreuther et al., seven morphological types of HDFs exist: three mitotic fibroblast (MF) types called MF I, MF II, and MF III and four postmitotic fibroblast (PMF) types called PMF IV, V, VI, and VII [69] . Those types appear successively both during in vivo and in vitro aging of HDFs and emerge after a variety of chronically applied subcytotoxic oxidative stresses. In the following the most frequently used methods to induce SIPS are described.
Hydrogen peroxide (H2O2) is a well-known SIPS inducer when applied in subcytotoxic doses. Human retinal pigment epithelial cells (ARPE-19) exposed to 150 µM H2O2 for 90 min and returned to maintenance medium for 10 days exhibit 80% SA β-gal positive cells [70] . In mesenchymal stem cells (MSC) the optimal H2O2 concentration was found to be 200 µM to induce SIPS. MSC reached growth arrest in 3 to 4 passages after H2O2 treatment, developed a heterogeneous, enlarged, flattened morphology, were stained positive for SA β-gal and show elevated levels of p53, p21, p16
INK-4A in real-time RT-PCR analysis [71] . IMR-90 foetal lung fibroblasts exposed for 2 h to 150 μM H2O2, showed a proportion of 48% positive cells for SA β-gal compared with 18% in the control cells after a recovery time of 3 days [72] . In addition an increased de novo release of H2O2 over a 72-h period after the initial exposure to H2O2 was shown. TGF-β1 seems to induce this H2O2 overproduction through activation of plasma membrane NADH oxidase.
Paraquat (PQ), also termed as Methyl viologen (dichloride), is a chemically very stable herbicide that induces oxidative stress by extensive formation of superoxide via redox-cycling: It accepts electrons from reducing donors (like NADPH) and transfers them to molecular oxygen. Andriani et al. exposed human primary fibroblasts to 30 µM of PQ for a period of 10 days in order to induce hallmarks of senescence [73] . In contrast to H2O2, PQ reveals a much longer half-life in tissues and cells. In mouse ventral midbrain it was found to have an apparent half-life of approximately 28 days [74] constantly forming superoxide, one of the common "primary" radicals in mammalian cells, while H2O2 is mainly the product of enzymes that converted superoxide. According to own experiments, exposure of HDFs (25 µM of PQ applied daily for a period of 10 days, followed by a recovery phase of 48h) resulted in 15-fold cytosolic accumulation of lipofuscin quantified via its autofluorescence [75] .
Another common SIPS-inducing agent is tert-butyl hydroperoxide (t-BHP) which increases the activity of SA β-gal after chronic subcytotoxic application [76] and furthermore induces the mitochondrial common deletion in HDFs. Also, several genes such as apolipoprotein J, fibronectin and osteonectin are found to be overexpressed; in contrast, c-fos was found to be downregulated. Overexpression of the papilloma virus E7 protein that functions as a specific E3-protein handing over Rb to the 26S proteasome for terminal proteolysis, prevents increased amounts of apolipoprotein J, fibronectin and osteonectin [77] . Common doses used are 30 µM of t-BHP, applied for 5 days [78] .
UVB in subcytotoxic doses of 250 mJ/cm 2 (higher doses of 375 mJ/cm 2 turned out to be cytotoxic) is also able to induce SIPS. After a 5 day period with two irradiations per day HDFs are growth arrested, showed enhanced SA β-gal activity (similar to HDFs exposed to t-BHP or H2O2 [22] ), senescenceassociated overexpression of several genes as well as mitochondrial DNA deletions [62] . A set of 44 senescence-associated genes has been found to be differentially expressed, including the overexpressed fibronectin, osteonectin, SM22, TGF-β1, and apo J. Transfection of cells with apo JcDNA provided protection against SIPS-inducing doses of UVB. The changes observed are probably induced via DNA photodamage and the resulting formation of mainly cyclobutane pyrimidine dimers and other photoproducts, causing both transient and permanent genotoxicity, resulting in reduced proliferative potential and growth arrest, mediated by overexpression of p53, p21 and p16 . Also Ethanol is used to induce SIPS. However, ethanol shows divergent effects than induction of oxidative stress. Mainly it acts by enhancing the fluidity of cellular membranes, thereby modifying biological parameters such as ion fluxes and the conformation of macromolecules. Peroxidative stress induced by ethanol is mainly found in cells like hepatocytes [79, 80] or gastric epithelial cells [81] that are able to form ROS via ethanol detoxifying systems. In HDFs, typical doses used are about 5% of ethanol, daily applied for 2h for an overall period of 5 days [78] .
Prolonged Hyperoxia also induces SIPS. In most cases, cells are exposed to an atmosphere that contains about 40% of O2, compared to the normal atmospheric O2 concentration of 21%. Here, it should be mentioned that also the atmospheric 21% of oxygen are already hyperoxic for most cell types compared to the oxygen partial pressure in human tissue. Hyperoxia reduces both the growth rate as well as the maximum of PDs [21] . For the according controls, cells can be exposed to normoxia (21%) hypoxia (3%), as well as being treated with antioxidants/radical scavengers. HDFs incubated with the free-radical spin trapping agent N-tert-Butyl-α-phenylnitrone (PBN) replicate 4-7 times more PDs compared to untreated ones under hyperoxia [18] , while HDFs kept under 3% of oxygen show up to 20 more PDs than cells kept under 21% of atmospheric oxygen [21] .
In addition reactive dicarbonyl species such as Glyoxal (GO) and Methylglyoxal (MGO), physiological metabolites produced by the autooxidation of glucose, are able to accelerate aging and induce premature senescence. GO and MGO play a role in several physiological and pathological processes and are able to form covalent aggregates known as AGEs. Exposures to 1 mM GO or 400 μM MGO leads to accelerated ageing and the onset of senescent features within 3 days in HDFs [82, 83] .
Rarely used are chemicals such as Mitomycin C (MMC), an antibiotic produced by streptomyces caespitosus with both antineoplastic and antiproliferative characteristics, able to induce DNA-crosslinking and inhibition of RNA and protein synthesis by alkylation [84] . According to Rodemann, MMC is applied for 48h in concentrations of 0.2 µM, shifting the composition of human skin fibroblasts (HH-8) to 81%-89% of PMF IV, PMF V or PMF VI type cells [85] .
The antibiotics Bleomycin or Actinomycin D are also used as SIPS inducers, both showing comparative effects to MMC. They are applied in concentrations of about 0.04 mg/ml (actinomycin D) and 0.06 units/ml (bleomycin sulfate), respectively for 12h hours in order to induce senescencehallmarks. Both agents act by damaging DNA and increasing the expression of both p21 and p16 INK-4A [16] .
SIPS can be also induced by Doxorubicin (DOX), used as a common anticancer medication. The mechanisms of doxorubicin-induced DNA damage are well-known and include intercalation with DNA leading to inhibited synthesis of macromolecules, generation of ROS leading to DNA damage, lipid peroxidation and DNA cross-linking [86] . There are data showing that DOX can induce premature senescence in cardiomyocytes [87] and cardiac progenitor cells [88] . Also in vascular smooth muscle cells (VSMCs) SIPS was induced by growing the cells in the presence of DOX (100 nM) for 7 days [34] . Classical markers of cellular senescence such as SA-β-gal activity, DNA damage foci and SASP could be observed in dox-induced SIPS VSMCs, but in contrast to RS VSMCs DOX-induced senescent cells don't show calcification.
Homocysteine has also been shown to accelerate senescence. After treatment of human umbilical venous endothelial cells with doses ranging from 50 to 750 µM, applied for an overall of 25 days, the SA β-gal activity increased dose dependent. 50 µM revealed their effect after > 15 days, while higher doses (≥500 µM) immediately increased SA β-gal activity. During 25 days of cell culture, the share of senescent endothelial cells was increased up to 5 fold [89] . The exact mechanism of homocysteinemediated cell damage is still unclear, but Toroser et al. suggested interference with de novo glutathione synthesis, inhibiting the efficiency of cysteine utilization by glutamate cysteine ligase in a competitive manner. In senescence with naturally increased levels of homocysteine this results finally in a decreased synthesis of -glutamylcysteine [90] .
Hydroxyurea, used as antineoplastic or cytotoxic chemotherapy drug, is able to inhibit the growth of HDFs. Hydroxyurea as a potent inhibitor of ribonucleotide reductase, eventually causes lack of the required deoxynucleotides for DNA synthesis, resulting in DNA single strand breaks. Senescence characteristics including changes in morphology, induction of SA β-gal activity and increased levels of both p53 and p21 were detected after treatment of cells with 400-800 µM for 3 weeks [91] . -Irradiation is also able to induce SIPS via DNA-damage and induction of double-strand breaks. A dose between 2 and 4 Gy (applied via a Cs 137 -ray source at a dose rate of 2.82 Gy per minute) was able to induce a variety of senescence features such as changes in cell morphology, a decreased proliferation, an increased amount of SA β-gal activity and suppression of angiogenic activity in human umbilical vein endothelial cells [92] .
In special cases, even heath shock can be used to induce SIPS. Human MSCs, which are exposed to sublethal doses of hyperthermia (30 minutes at 45 °C), exhibit senescence features such as irreversible cell cycle arrest, altered morphology, increased expression of SA β-gal and induction of p21 [93] .
SIPS as a model to study aggregate formation and proteolysis
To study the impact of age-related aggregate formation and changes in proteolysis, SIPS models provide a helpful tool. The accelerated formation of aging features shortens the time until obtaining an aging phenotype and simplifies studies on aggregate formation and proteolysis in the aging process.
Besides a chronic application of oxidative stress through the already mentioned stressors PQ [27, 66] , H2O2 [21, 75, 77, 94] , glyoxal [83, 95] and doxorubicin (DOX) [34, 96] the incubation of young cells with aggregates, such as advanced glycation end products (AGEs) [97] and lipofuscin [66] can also induce features of cellular senescence.
In 2014 Liu et al. were able to show that the receptor of AGEs (RAGE) promotes premature senescence via p21 signaling in a diabetic nephropathy model, suggesting that AGEs might accelerate cellular aging. In addition to changes in the protein expression profile, accumulation of aggregates is mainly responsible for the loss of proteolytic function and cellular viability in aging [66] . Nondegradable highly oxidized and cross-linked proteins can form large protein aggregates, further able to impair proteolysis, such as proteasomal or lysosomal degradation [4] . In 2011 it was clearly demonstrated that the overall activity of isolated 20S proteasome is significantly decreased after incubation with lipofuscin [66] . An age-dependent increase in lipofuscin [27, 60, 66] and a decrease in proteasomal activity can be also detected in senescent cells [60, 94, 98] and are widely accepted as important characteristics of cellular senescence. Besides the proteasomal system cells possess another main degradation system: the autophagy-lysosomal pathway (ALP). Since the proteasome is only able to degrade soluble, short-lived and moderately oxidized or ubiquitinated proteins (reviewed in [99] ), the ALP is responsible for the degradation of long-lived proteins and organelles as well as for the uptake of larger aggregates. The selective removal of aggregates by macroautophagy is called aggrephagy. During aggrephagy aggregates, such as lipofuscin are sequestered by the autophagosome and delivered to the lysosomal system (reviewed in [100, 101] ), explaining why aggregates are mostly located in lysosomes [102, 103] . To study the importance of the ALP in lipofuscin formation and accumulation, a PQ-induced SIPS model of human fibroblasts was investigated [103] . The frequently used PQ-and H2O2-SIPS models in fibroblasts work well to study the formation of aggregates, since both of them show increased lipofuscin levels, comparable to RS cells (Tab. 1). Thus, SIPS can alleviate analyses on lipofuscin formation and study factors involved in lipofuscinogenesis. By using SIPS in Atg5-knockout and -knockdown models a massive accumulation of cytosolic lipofuscin was obtained, suggesting that impaired macroautophagy is no longer able to transfer dysfunctional cell constituents or lipofuscin (precursors) into lysosomes, consequently increasing "free" cytosolic lipofuscin [103] . To verify whether the accumulation of dysfunctional mitochondria contributes to an increase in lipofuscin formation, the role of defective mitophagy, a special type of macroautophagy, was also studied in a PQ-induced SIPS model. Mitophagy was blocked by using Mdivi-1, a selective inhibitor of mitochondrial fission [27] . The resulting increase in mitochondrial mass was accompanied by a parallel increase in lipofuscin formation.
However, to use SIPS as a model for aging research, confirmation of permanent cellular senescence is mandatory.
Tab. 1 summarizes features of RS and SIPS cells from frequently used SIPS models (PQ-and H2O2-induced SIPS models in human fibroblasts and a DOX-induced SIPS model in vascular smooth muscle cells (VMSCs)) determined from our group and others. A change in morphology was clearly visible for SIPS and RS cells. RS as well as SIPS cells increased in cell size and granularity, compared to the respective controls. Furthermore in all described SIPS models it was obvious that the cells developed the same aging characteristics as the RS cells, compared to the respective young and untreated controls, such as a decrease in the proliferation marker Ki67, an increase in protein carbonyls, lipofuscin, p16 ink4a and p21 protein levels and SA β-gal (Tab.1). So evaluation of a multitude of senescence markers clearly demonstrated an induction of premature senescence in all SIPS models, comparable to RS cells.
But independent of the development of aging features in the used SIPS models, it is important to distinguish clearly between acute and chronic stress, since certain aging or proteolysis markers can be differentially regulated due to acute stress. Especially, proteasomal as well as autophagic-lysosomal activities can be accelerated by moderate oxidative stress [104] [105] [106] . Depending on type, concentration and incubation time of the stressor and recovery time after application, proteolytic and enzyme activities can differ significantly compared to RS (Tab.2).
Induction of SIPS by PQ treatment for a period of 10 days in human fibroblasts clearly demonstrated an increase in lysosomal mass from 20% (5 days PQ) to 160% (10 days PQ), by comparing LysoTracker intensity [27] of SIPS cells to untreated young control cells. Additionally also the protein amount of LAMP1, a common lysosomal marker protein, was distinctly increased after PQ treatment for 10 days and two days recovery, compared to the young control. This is comparable to the increase in LAMP1 protein expression detected in RS [60] .
By further studying macroautophagy markers in PQ-SIPS, the autophagy-related protein Atg5 remained unchanged, while the Atg5-Atg12 complex, responsible for the early autophagosome initiation, showed 80 % higher values compared to the control cells. Furthermore, the macroautophagy marker LC3-II also significantly increased 10 days after PQ treatment [103] . It is important to note that detection of all autophagy related proteins was performed directly after a 10 day PQ treatment without a recovery period.
An upregulation of macroautophagy markers was also seen immediately after H2O2 incubation. Tsuchihashi et al. were able to demonstrate that 6h after incubation of HEI-OC1 auditory cells with 5mM H2O2 levels of autophagy related proteins, such as Atg7 and LC3-II increased, while 48h after H2O2 incubation protein expression of both autophagy related proteins decreased [107] . Without a recovery period, measurement of autophagy related proteins revealed an increase after PQ or H2O2 treatment, so it cannot be ruled out that this might be due to acute stress conditions and should be taken into consideration.
In contrast to the results shown in SIPS cells, e.g. in human fibroblasts, a decreased LC3-II/I ratio and lower steady state levels of the Atg5-Atg12 complex, Beclin-1 and p62 was obtained in RS fibroblasts as well as in old murine brain tissue, compared to their young controls, clearly demonstrating a loss in autophagy during aging [60, 108] . In addition also mitophagy [27] and chaperone-mediated autophagy (CMA) have been described to decline in RS [109] . In turn CMA was found to be upregulated in a H2O2-induced SIPS model [110] . Due to the inconsistent results for autophagy markers in SIPS models and RS cells a comparison of SIPS cells directly after finishing the treatment period with cells after a recovery time is recommended and can strengthen the validity of the respective SIPS model and help interpreting the data. In addition, analyses between short-term and long-term treatments of different stressors can be performed to compare acute and chronic conditions and their consequences on parameters such as proteolysis.
Regarding studies on aggregate formation and aging markers, SIPS can be a good alternative, if it's previously tested whether degradation systems are activated or impaired. By inhibiting mitophagy or macroautophagy in SIPS models, processes known to be also impaired in RS, the process of aggregate formation and their cellular effects can be easily studied.
Conclusion
Additional to in vivo and in vitro aged cells, SIPS is a well-accepted cellular aging model, to study mechanisms involved in the aging process such as age-related changes in proteolysis and the mechanisms and effects of protein aggregation. Especially regarding lipofuscin formation these aging models are helpful tools, since frequently used PQ-and H2O2-induced SIPS models show increased lipofuscin levels comparable to RS cells. By using SIPS models, knowledge was gained regarding the role of macroautophagy and mitophagy in lipofuscin formation. However, to use SIPS as a model for aging research, confirmation of senescence markers is mandatory. Independent of the used SIPS model, it is furthermore important to clearly distinguish between acute and chronic stress, since certain aging or proteolysis markers can be differentially regulated due to acute stress. proliferating cells normally only display 1-2 DNA damage foci (red dots), while senescent cells contain a much higher number DNA damage foci. h.) Also accumulation of protein carbonyls is an important hallmark of senescence, accompanied by an increase both in the cytosol but most prominent in the nucleus. Accumulation of protein carbonyls in the nucleus is only a hallmark of chronic stress (as found both in SIPS and RS) and cannot be seen after acute stress, even if high concentrations of a stressor are applied. 
